The accurate prediction of the decay heat is essential, especially for nuclear power plant 6 safety purposes. However, it is known that the decay heat predicted by nuclear fuel bur-7 nup calculations is uncertain because of uncertainty of nuclear data employed in the 8 calculations.
sensitivity coefficient of R to σ, S 
plain the theory of the burn-up sensitivity calculation based on GPT.
68
Let us calculate a sensitivity of nuclide number densities to a nuclear data σ. The 69 burn-up equation can be written as
where n(t) is a nuclide number density vector at t and A is a burn-up matrix. The vector 71 n(t) can be written as the following equation which is the analytic solution of Eq.(2); 72 n (t) = exp (At) n (0) .
If σ is perturbed as σ + ∆σ, the burn-up equation for the perturbed system can be 
where time dependence of n and ∆n are omitted here. If we assume the term ∆A∆n is 
The both sides of Eq.(5) are multiplied by a time-dependent weight function w(t);
where the superscript T means transpose of a matrix or a vector. Time dependence of 78 w is also omitted here. Suppose that the considering period is from 0 to P seconds. We 
We define the function w(t) as
The function w(t) is called adjoint number density and is written as the following equation 82 w (t) = exp A T (P − t) w (P ) .
During the period [0,P], Eq. (9) is calculated from the end of the period to the beginning 84 as if it goes back in time.
85
Using Eq.(8), the second term of the right hand side of Eq. (7) can be written as
and then Eq. (7) can be rewritten as 
We define that w (P ) is e i , where the element which corresponds to the nuclide i is unity 88 and all other elements are zero. With this final condition, Eq.(11) is transformed as
where n i is the number density of the nuclide i, and a sensitivity of n i to σ can be written
In the burn-up sensitivity calculations, the forward nuclide number density is calculated 92 first, and then the adjoint number density is calculated starting with the final adjoint
93
number density e i at the end of the considering period with direction going back in time.
94
Once the forward and adjoint number densities are obtained, the sensitivity of the number 95 density to any nuclear data can be calculated with Eq.(13).
The second term on the right hand side of Eq.(16) is called the indirect sensitivity term 106 which is calculated by using GPT. In such a case, the final condition of adjoint number 107 density is not e i , but the product of the decay constant and the decay energy for every 108 nuclides.
109
Although sensitivity to the decay branching ratio can be calculated similarly, the 110 sensitivity coefficient should be corrected so that the summation of the branching ratio is 111 unity. In order to consider this normalization condition, we use the following equation
where S is the corrected sensitivity coefficient considering the normalization condition,
113
b i,j is the jth branching ratio of the nuclide i and B i is the total number of branching 114 channels of the nuclide i.
115
In the above mentioned burn-up sensitivity, we consider only the effect of the burn-up 
Uncertainty propagation calculation

127
The uncertainty propagation calculation is carried out as
where v is the variance of a parameter (e.g. decay heat), g is a vector which contains 129 sensitivity coefficients of the parameter to the nuclear data, and M is a covariance matrix 130 of the nuclear data. In the case of the plural parameters, a covariance matrix of the 131 parameters V is obtained as
where G is a matrix which contains the plural g corresponding to each parameter in the 133 form of vector. In this case, we can also calculate the correlation between the different 134 parameter uncertainties as shown in Subsection 5.3.
135
We quantify the decay heat uncertainty and correlation using these equations with 136 the sensitivity coefficients and the covariance data of the nuclear data. 
Nuclear data adjustment method
138
The nuclear data adjustment is the method based on the Bayesian approach which 139 adjusts nuclear data to maximize the probability of the nuclear data being true values 140 under a condition that additional experimental data are obtained. According to Ref.[3] ,
141
the basic equations of the nuclear data adjustment method are described as follows. First,
142
a relative change in nuclear data through the adjustment is written as
where D xs is a vector containing relative change of the nuclear data, V e and V m are 144 covariance matrices of the experimental and calculation uncertainties, respectively, and
145
D c/e−1 is a vector containing relative differences between the calculation and experimental 146 values (C/E − 1). The nuclear data uncertainty can be reduced by the adjustment, and 147 the posterior covariance matrix of nuclear data M ′ is written as
The effect of the nuclear data adjustment to parameters which are not used in the 149 adjustment procedure can be calculated by multiplying the nuclear data change and the 150 sensitivity coefficients as
where D para is a vector containing relative changes of the parameters and G para is a matrix 152 containing sensitivity coefficients of the parameters to the nuclear data. A covariance 153 matrix of the parameters V para is written as
In the case of burn-up calculation, we should consider not only the cross section but 155 also the fission yield, the decay constant (or the half life), the decay energy and the decay 156 branching ratio. 
Experimental data used for the nuclear data adjustment
177
For the nuclear data adjustment, we employ the two types of experimental data: the 178 fission pulse decay heat data and the PIE isotopic concentration data. The employed 179 experimental data in the present study are summarized in Table 1 .
180
The fission pulse decay heat data are uranium-235 and plutonium-239 with the thermal (YAYOI [11, 12] ).
184
The PIE data are the UO 2 and MOX fuels [13, 14] . 
Burn-up calculation methods
204
In the present study, all the calculations are done by CBZ, a multi-purpose reactor 205 physics calculation code system which is under development at Hokkaido University.
206
In the pin-cell burn-up calculations, resonance self-shielding, neutron transport and 207 depletion calculations are done alternately during the whole cycle. The self-shielding cal-
208
culation is based on the equivalence theory with the advanced Bondarenko model [18] .
209
The neutron transport calculation is done with the collision probability method for a and FPD-2011 are used for the fission yields and the decay data.
217
In the fission pulse decay heat calculations, only the depletion calculations are done.
218
In these calculations, the initial nuclide composition is the independent fission yields of 219 the considering fissionable nuclide. The depletion calculation method is the same as the 220 pin-cell burn-up calculation.
221
We assume that the calculation uncertainty is 2% for the nuclide number densities 
Covariance data of nuclear data 226
For the uncertainty propagation and nuclear data adjustment calculations, we employ 227 the covariance data of nuclear data given in the evaluated nuclear data files. The origin 228 of the uncertainty data are summarized in 
Numerical Results
247
In this section, numerical results of nuclear data induced uncertainties of the target 248 decay heat and the experimental data, the correlation between them, and the uncertainty 249 reduction of the target decay heat are shown.
250
Article
Target decay heat uncertainty 251
The target decay heat uncertainty curves of the UO 2 fuel with contributions of each 
Correlation between target decay heat and experimental data
288
Correlation matrices between the short-term target decay heat uncertainty and the fis-289 sion pulse decay heat uncertainty of the uranium-235 with the thermal neutron irradiation 290 are shown in Figure 6 . Matrices between the long-term target decay heat uncertainty and 291 the fission pulse decay heat uncertainty are shown in Figure 7 . Figure 6 shows strong 292 positive correlations over the whole cooling period, so we can expect that the nuclear 293 data adjustment using the fission pulse experimental data can reduce the short-term de-294 cay heat uncertainty efficiently. In contrast to the short-term decay heat case, Figure 7 
295
shows no correlation over the whole cooling period. Thus, we can expect that the nuclear 296 data adjustment using the fission pulse experimental data cannot reduce the long-term 
Reduction of target decay heat uncertainty
314
The short and long-term target decay heat uncertainty curves before and after the 315 nuclear data adjustment using the fission pulse decay heat data are shown in Figure   316 10. Although the long-term decay heat uncertainty does not change by the adjustment 317 completely, the short-term one is reduced by the fission pulse data efficiently. These results
318
are consistent with the expectation from the correlation matrices in Subsection 5.3. It is 319 considered that the dominant component of the reduced uncertainty is the decay energy 320 uncertainties of the short half-lived nuclides which are assumed 100%. In other words, the 321 adjustment with the fission pulse data can revise the assumed decay energy uncertainties 322 of the short half-lived nuclides. Since the fission pulse data reflect the decay data of the 323 short half-lived nuclides mainly, these are efficient in the short-term decay heat uncertainty 324 reduction.
325
The short and long-term target decay heat uncertainty curves before and after the 326 nuclear data adjustment using the PIE isotopic concentration data are shown in Figure   327 11. The long-term decay heat uncertainty is reduced by the PIE data, and the short- cross section uncertainties, and it can be reduced by the adjustment with the PIE data.
332
However, the latter peak is caused by the barium-137m decay energy uncertainty, and it been expected that the fission pulse decay heat data are effective for the uncertainty 349 reduction of the short-term decay heat, and the PIE data are for the long-term one. Figure 4 Relative differences of calculation values to experimental ones (C/E-1), measurement uncertainty and nuclear data induced uncertainty in UO 2 case. Figure 11 Target decay heat uncertainty curves which are before and after adjustment using PIE data.
